Abstract In this report, we have tested the cytotoxicity of two organotin (OT) compounds by flow cytometry on a panel of immortalized cancer cell lines of human and murine origin. Although the OT compounds exhibited varying levels of cytotoxicity, diphenylmethyltin chloride was more toxic than 1,4-bis (diphenylchlorostannyl)p-xylene on all cell lines tested. The OT compounds were found to be highly cytotoxic to lymphoma cell lines with lower toxicity toward the HeLa cervical cancer cell line. In order to discern the mechanism by which cell death was induced, additional experiments were conducted to monitor characteristic changes consistent with apoptosis and/or necrosis. Cell lines treated with the experimental compounds indicated that there was no consistent mode of cell death induction. However, both compounds induced apoptosis in the pro-B lymphocyte cell line, NFS-70. The work presented here also demonstrates that the two OT compounds possess selective cytotoxicity against distinct transformed cell lines.
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Introduction
Organotin (OT) compounds are mostly known for their biocidal effects and have been used for multiple applications such as wood preservatives, acaricides, disinfectants, bactericides, fungicides, molluskicides, PVC stabilizers, and marine antifouling products (Piver 1973) . Over 95% of the total worldwide production of OT compounds is consumed as PVC stabilizers, agricultural use, and industrial biocides (Baggenstoss 2004) . The trialkyl organotins are mainly used as biocides while mono-and dialkyl organotin chlorides are the intermediates used in the production of PVC polymers and are also the major degradation products associated with PVC plastics (Fent 1996) . In 1974, it was estimated that at least one third of human race had been in contact with PVC products on a daily basis (Levinson 1974) . Butyltins have been found in >80% of human blood samples analyzed at concentrations ranging from 64 to 155 ng/ml (260 to 600 ng/g, on a dry-weight basis; Whalen et al. 1999 ). Due to their ample distribution and usages, OTs are continuously contaminating the soil, marine, and freshwater environments and also accumulate, which in turn causes toxicity to humans and non-human organisms (Baggenstoss 2004) . Therefore, a number of concerns have been raised by the public and legislators regarding the utilization of OTs (Champ 2000) . The usage of OTs as antifouling in boat paints has been banned in many nations, due to poisonous effects observed on snails (Bailey and Davies 1988) and oysters (Alzieu et al. 1986; Garg and Bhosle 2005) . Human exposure to high doses of trimethyltin (TMT) provokes neurological detriment manifested by memory deficits, seizures, hearing loss, disorientation, and death (Brown et al. 1979; Feldman et al. 1993; Fortemps et al. 1978; Gui-bin et al. 2000; Ross et al. 1981) . In rats, the behavioral profile of a single intravenous dose of TMT hydroxide resulted in tremor syndrome, increased reactivity, and hyperactivity (Moser 1996) . Also in rats, di-n-butyltin dichloride (DBT) is known to induce pancreatitis (Merkord et al. 1997 ) and can provoke thymus atrophy and depletion of CD4+CD8+ thymocytes suggesting a selective antiproliferative activity (Pieters et al. 1994) . One of the chemotherapeutic drugs currently in use is the platinum-based compound, cisplatin, which was the first metal-containing anticancer drug but its use in patients can lead to severe side effects and this has spurred interest to identify safer metal-based compounds (Jamieson and Lippard 1999) . Since platinum and tin atoms possess common chemical properties (Gielen 2002) , tin complexes have been proposed to be potential therapeutic alternatives to cisplatin and similar anticancer agents. The antitumor activity of several tin-based compounds has been previously investigated (Gielen et al. 1995; Chojnacki 2003) , and as a consequence, an interest in tin compounds has been sparked. A review encompassing 5 years of research, from 2003 to 2007, describes the antiproliferative properties of 195 organotin compounds against a variety of cell lines (Hadjikakou and Hadjiliadis 2009) . The most potent of these organotin compounds against HeLa cells was triphenyltin 2-phenyl-1,2,3-triazole-4-carboxylate, which exhibited an IC 50 of 0.00447 μg/ml and was more active than cisplatin (Tian et al. 2005) . In a recent publication, exposure of colon cancer DLD-1 cells to triphenyltin (IV) chloride carboxylate complexes (containing SnPh 3 + cations) was found to provoke accumulation in the number of sub-G1 peak cells (hypodiploid), caused DNA laddering (as a consequence of nuclear DNA degradation), and increased caspase activity (Kaluderovic et al. 2010) . Taken together, these results provide clear evidence that triphenyltin(IV) complexes inflicted cell death on DLD-1 cells via apoptosis (Kaluderovic et al. 2010) . Moreover, triphenyltin benzimidazolethiol copper chloride (TPTCuCl 2 ) has also been reported to induce apoptosis in HeLa cells (Hoti et al. 2004) . By analyzing cells after exposure for 12 h to 6 μM of TPT-CuCl 2 , approximately 50% of the cells were shown to lose viability via trypan blue exclusion or flow cytometry (Hoti et al. 2004) .
Even though OTs have been incriminated in important deleterious ecological effects, it is possible that by chemical modification an OT compound can be generated with low toxic side effects and higher antitumor activity. For this reason, more stable tinbased compounds with different ligands have been synthesized and are starting to be tested as potential cancer treatments. Most importantly, it has been demonstrated in mice that dimethyl tin 4-cyclohexyl thiosemicarbazone exhibits antitumor activity and has the capacity to activate lymphocytes and increase the immune response, without any significant toxicity (Sen and Chaudhuri 2009) .
Two OT compounds were tested in this study for their capacity to cause cytotoxicity against cancer cell lines. 1,4-Bis-(diphenylchlorostannyl)xylene, also annotated as Bis(Ph 2 SnCl)Xylene, and diphenylmethyltin (DPMT) were chosen on the basis of a report many years ago that suggested that bis-organotins were extremely active compared to mono-organotins (Narayanan et al. 1990 ); however, little or no data were provided by the National Cancer Institute about their activity. Furthermore, it has been established that OT chlorides containing Sn-C(sp 2 ) compared to Sn-C(sp 3 ) bonds exert distinctive biological activity (Gomez et al. 2007 ); hence, we wished to maintain a similar set of such bonds in this study, i.e., two Sn-C (sp 2 ) and one Sn-C(sp 3 ). Since each tumor cell type possesses a unique origin with specific genetic alterations (Park and Rich 2009), we have tested several tumor cell lines from both human and mouse origins to determine if there were common trends of cytotoxicity. In addition to the two species of origin (human and murine), the cells that were used in this study also represent different morphology, diverse form of growth (adherent and suspension), and tissue origin (lymphoid and cervical). Also by testing various cancer cell types, a compound could be detected that exhibits specific cytotoxicity against a particular cancer cell type but not others. An example of drug specificity is the platinum-based cisplatin derivative, SKI-2053R or heptaplatin, which exhibits cytotoxicity against several cisplatin-resistant cancer cell lines (Kim et al. 1995) . Thus, indicating that some chemical compounds exhibit cytotoxic selectivity to affect cell viability. Furthermore, drug screening efforts have identified several compounds with cell type specificity (Ito et al. 2009; Yip et al. 2006) .
In this study, we have employed flow cytometry to characterize the cytotoxic mechanisms and determine the CC 50 values of cell death induced by OT compounds in human and mouse cell lines. Cytotoxicity was monitored using the DNA intercalating dye, propidium iodide (PI), which stains nuclear DNA once the cell becomes permeable (Jones and Senft 1985) . To discriminate between necrotic and apoptotic modes of death, we subsequently used a well-established cytometry method that allows the detection of outer-membrane phosphatidylserine (PS), which is an early marker of apoptosis through the specific binding of PS by fluorescently labeled annexin V (Fadok et al. 1992) . Our analysis revealed a complex pattern of selectivity for induction of apoptosis or necrosis by these compounds on various cell lines. The work presented here also demonstrates that the two OT compounds possess selective cytotoxicity against distinct transformed cell lines.
Material and methods

Organotins dilutions
The two organotin compounds studied were synthesized and purified according to a previously published procedure (for Bis(Ph 2 SnCl)Xylene, Thodupunoori et al. 2006 ; for DPMT, Kapoor et al. 2005) . Both OTs were initially dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mM. Stock solutions and their dilutions of experimental compounds were added directly to well containing cells in complete media and assessed in triplicate.
Cytotoxicity assay using cancer cells Four immortalized cell lines from human and murine origin were used to perform cytotoxic assays. All cell lines were seeded at a density of 100,000 per well in 1 ml of culture media using a 24-well plate format. Cells were incubated overnight in the absence of compound, for optimal attachment for adherent lines and recovery from all the manipulation steps involved in preparing the experimental plate (trypsinization, centrifugation, etc.). HeLa human cervical cancer cells (ATCC, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle medium (DMEM), whereas NFS-70 and EL4 cells were cultured using RPMI media. Both DMEM and RPMI culture media were supplemented with antibiotics (100 U/ml of penicillin, 100 μg/ml of streptomycin, and 0.25 μg/ml of amphotericin B; Invitrogen, Carlsbad, CA, USA) and 10% heat-inactivated newborn calf serum (Hyclone, Logan, UT, USA). The human T cell chronic lymphocytic leukemia-derived, IL-2-dependent, Kit 225 cell line was initially established from a patient with leukemia (Hori et al. 1987 ) and was grown in RPMI supplemented with antibiotics, 10% fetal bovine serum, and 100 IU/ml recombinant IL-2 (Hoffmann-LaRoche, Nutley, NJ, USA). After addition of the chemical compounds, cells were incubated for 16 h and cytotoxic effects were monitored using flow cytometry as previously described (Elie et al. 2009 ). Prolonged incubation times result in significant cellular degradation that can generate large amount of debris which can introduce significant noise (excess cellular counts) when analyzed by flow cytometry. After compound treatment, detached HeLa were harvested in the culture supernatant and placed on ice. The remaining adherent cells were collected by using 300 μl of 0.25% trypsin solution (Invitrogen, Carlsbad, CA, USA), diluted in serum-free DMEM, and incubated for 15 min at 37°C. Cells from each individual well, including those harvested by trypsinization and the detached population, were mixed and centrifuged at 1,400 rpm for 5 min at 4°C. Collection of lymphoid tumor lines that grow in suspension, NFS-70, Kit 225, and EL4, involved a similar protocol with the exception of the trypsinization step (Shaik et al. 2009 ). After centrifugation, the supernatant media were removed by decantation, and the cell pellets were resuspended in 500 μl of staining solution, containing 2 μg/ml PI dissolved in FACS buffer (PBS, 0.5 mM EDTA, 2% heat-inactivated fetal bovine serum, and 0.1% sodium azide) and incubated in the dark at room temperature for 15 min. The stained cells were then analyzed by flow cytometry using Cytomic FC 500, and the data were acquired and analyzed using CXP software (Beckman Coulter, Miami, FL, USA). Approximately 10,000 events were acquired for each individual sample and the data analyzed using CXP software (Beckman Coulter). As a positive control for cytotoxicity, hydrogen peroxide (H 2 O 2 ) was included at a concentration of 300 μM to provoke cell death (Miyoshi et al. 2006) . Also, the OT diluent, DMSO, was tested at the same concentration (0.1%, v/v) as contained in the experimental samples, as a control for non-specific effects. The CC 50 values were calculated as previously described (Elie et al. 2009 ). Briefly, the mean of three independent experiments of cytotoxicity annotated as a percentage was plotted alongside chemical compound concentration in a xy (scatter) chart function. The best fit regression line and its equation were employed to estimate the concentration of chemical compound necessary to disrupt the plasma membrane of 50% of the cell population, as compared to untreated cells, as previously described (Elie et al. 2009 ; see supplementary Figure S1 ). Although a range of compound concentrations was initially used to determine the nearest value to 50% cytotoxicity, the actual CC 50 was determined from the two closest concentrations to the 50% mark to improve accuracy and diminishing abnormal distribution in dose-response curves. When high concentrations of OT were used, it was necessary to include both 5 and 10 μl of DMSO controls, to be used to normalize the data values, since DMSO itself could be toxic at these concentrations (0.5% and 1%, v/v).
Apoptosis/necrosis using cancer cells
All cell lines (ATCC, Manassas, VA, USA) were seeded, incubated, and collected as described above in "Cytotoxicity assay using cancer cells", exposed to a range of concentrations of OT compound (10, 2, 0.4, 0.08, 0.016, and 0.032 μM), and incubated for 16 h at 37°C. After exposure of cells to the chemical compounds, all subsequent manipulations were performed on ice to slow down cell deterioration. Cells from each individual well were collected and washed as described above. The staining process was initiated by resuspending the cell pellet in 100 μl of binding buffer (10 mM HEPES, pH=7.4; 140 mM NaCl; 2.55 mM CaCl 2 ) containing 1 μl of 25 μg/ml annexin V-FITC and 5 μl of 250 μg/ml PI (Beckman Coulter, Miami, FL, USA). After incubation for 15 min on ice in the dark, 400-μl ice-cold binding buffer was added to the stained cell suspensions, gently homogenized, and immediately analyzed by flow cytometry (Shaik et al. 2009 ). Around 10,000 events were collected for each individual sample and the data analyzed using CXP software (Beckman Coulter). The total percentage of apoptotic cells, reactive to annexin V-FITC, is expressed as the sum of both early and late stages of apoptosis. DMSO and H 2 O 2 were used as controls (see supplementary Figures S2b, c) . The H 2 0 2 control was adjusted at final concentration of 300 μM and utilized to calibrate the flow cytometer acquisition protocol by allowing the detection of the four distinct cell populations in the treated samples (see Figure S2b ).
Results and discussion
In this study, the cytotoxicity profile of Bis(Ph 2 SnCl) Xylene and DPMT (Fig. 1) (Shaik et al. 2009 ) was much lower that the two OT compounds tested in this study. Additionally, when HeLa cells were individually treated with seven different di-and triphenyltin(IV) complexes, containing carboxylate ligands, the IC 50 values were from 0.15 to 1.57 μM (Gómez-Ruiz et al. 2008) . Those OT complexes were significantly more effective in killing HeLa cells as compared to the compounds studied here. However, in those experiments, the cytotoxicity was measured using the MTT method after incubating the cells for 72 h with the test compound (Gómez-Ruiz et al. 2008 ) and therefore not directly comparable to our results.
Adherent cells were seeded 16-18 h prior to exposure, and it is therefore possible that they have increased in cell number, which could affect the CC 50 determination when compared to other cell types. However, it has been previously reported that the doubling time of these cells is between 17 (Tamm et al. 1982 ) and 20 h (Ngan et al. 2001) , which would mean that upon addition of chemical compound, the cells could not have yet divided and that death induction would have interfered with cell division. Furthermore, addition of the same amount of experimental compound to double the number of cells leads to minor changes in CC 50 values (our unpublished observations). The majority of the non-adherent lymphocyte cell lines utilized in this study have a similar doubling time as that of HeLa (18-24 h), and thus, it is likely that these cells were tested at the original seeded concentration.
In order to determine if the OT compounds stimulated apoptotic or necrotic modes of death, we performed flow cytometry using the combination of PI and annexin V-FITC (Shaik et al. 2009 ). As can be seen in Fig. 2 , this analysis revealed that these compounds primarily generate cell death via apoptosis on the murine pro-B lymphocyte cell line, NFS-70. Both OT compounds were tested at three concentrations, and both were found to provoke significant apoptosis on were simultaneously stained with annexin V-FITC and PI, and the total percentage of apoptotic cells is expressed as the sum of both early and late stages of apoptosis (white bars). Cells permeable to PI due to the loss of plasma membrane integrity but without annexin V-FITC signal were considered as percentage of necrotic cells (black bars). The concentrations in micromolars of OTs used in these experiments are annotated below the X-axis. DMSO was added to final concentration of 0.1% (v/v). Each bar represents the average value of three measurements, and error bars represent standard deviations of the mean NFS-70 cells at the highest concentration tested. Bis (Ph 2 SnCl)Xylene was less cytotoxic against NFS-70 than DPMT, and this is particularly evident at the lowest concentration of 0.4 μM (see Fig. 2a, c) . At this concentration, cell death promoted by Bis(Ph 2 SnCl) Xylene was negligible and resembled the results obtained with media or media plus solvent (Fig. 2c) controls. However, at the highest concentration used (10 μM), 72.6% of the cells died primarily via apoptosis (sum of early and late apoptosis) with 16.2% of the cells dying via necrosis (upper left hand quadrant; see Fig. 2a ). The more cytotoxic OT compound, DPMT, produced a significant amount (42.2%) of cell death at the lowest concentration tested in this assay and showed the highest level of necrosis generated by these compounds on the NFS-70 cell line (>19% at higher concentrations). Unexpectedly, the DPMT compound induced apoptosis on a high percentage of cells (∼50%) at the highest concentrations used (2 and 10 μM; see Fig. 2c ). Taken together, these data demonstrate that both OTs primarily induce apoptosis in the pro-B lymphoid cells. Further tests were conducted on additional human and mouse cell lines to determine how the death signal was transmitted by the OT compounds. As can be seen in Fig. 3a , treatment of HeLa with Bis(Ph 2 SnCl)Xylene did not result in a significant level of cell death, but treatment of these cells with DPMT resulted in a high percentage of necrosis (>40%) at the highest concentration tested and little induction of apoptosis at any concentration. Interestingly, a high level of necrosis was also detected when the human Kit 225 T cell line was treated with Bis(Ph 2 SnCl)Xylene (>35% at 10 μM; Fig. 3b ). However, when these cells were treated with DPMT, the mode of death induced was mostly through apoptosis (>40% at 10 μM). In the present study, both OT compounds revealed much higher CC 50 than TPT-CuCl 2 (6 μM) against HeLa cells (Hoti et al. 2004) . This difference in cytotoxicity between the two OT compounds could be attributed to the presence of CuCl 2 in the TPT-CuCl 2 molecule. The CuCl 2 could potentiate the organotin-mediated cytotoxicity since this molecule possesses well-known biocidal properties (Gant et al. 2007 ). However, due to the different time of induction used in the previous report (12 vs. 16 h), a true comparison of the CC 50 of these distinct compounds could not be made accurately.
It has been previously reported that exposure to TMT for 24 h results in either apoptosis at low concentrations (0.01-0.1 μM) or to necrosis at high concentrations (10 μM) in primary rat cerebellar cells (Gunasekar et al. 2001) . In contrast, apoptosis was observed at high concentrations (2 and 10 μM) of Bis(Ph 2 SnCl)Xylene in the EL4 cell line, and necrosis was detected at lower concentrations (0.08 and 0.4 μM; Fig. 3c ). After testing hundreds of diverse compounds, this is the first time that a situation has been encountered in which a compound causes necrosis at a low concentration and apoptosis at a high concentration. In general, once a compound causes severe necrotic cell damage, it will continue to do so at higher concentrations. This is a perplexing situation that will merit further in depth analyses (caspase activation, analysis of mitochondrial involvement, and other more sophisticated assays). DPMT preferentially induced apoptosis in NFS-70 (Fig. 2b, c) and Kit 225 but only at the highest concentration tested (10 μM; Fig. 3b ), caused necrosis in HeLa cells (Fig. 3a) , and at experimental concentration tested here had no discernable mode of death induction on EL4 cells (Fig. 3c) . On the other hand, when Bis(Ph 2 SnCl)Xylene was tested at 10 μM, it elicited apoptosis in NFS-70 (Fig. 2a, c ) and EL4 cells (Fig. 3c) , necrosis in Kit 225 cell line (Fig. 3b) , and low levels of both necrosis and apoptosis in the HeLa cell line (Fig. 3a) . Why there is so much variability in the death induction process with these compounds is currently unknown, but likely due to the altered properties of each transformed line (i.e., inherent levels of pro-apoptotic or survival proteins/signals). Additional cell lines will have to be tested in the future to determine if this unexpected pattern of death induction can be reproduced in other cell types.
Several previous reports have demonstrated that some OT compounds have the capacity to inflict cell death via apoptosis. Tributyltin (TBT) has been shown to promote apoptosis on normal rat thymocytes, while DBT caused death via necrosis against the same type of cells (Tomiyama et al. 2009 ). However, the result of DBT is controversial, since it was previously reported that this compound caused apoptosis, instead of necrosis on normal rat thymocytes (Gennari et al. 2000) . Interestingly, the death signal originated by Bis(Ph 2 SnCl)Xylene in NFS-70 pro-B and EL4 murine T lymphoid cells resembled the apoptosis promoted by TBT on rat thymocytes (Tomiyama et al. 2009 ).
More recently, three new OT compounds were tested on human (A549 lung adenocarcinoma) and murine (L929 fibroblast) cell lines. Treatment with these compounds resulted in ID 50 values between 1.72 and 2.51 μg/ml against both cell lines (Dylag et al. 2010) . Interestingly, these novel OT compounds exhibited a comparable potent cytotoxic activity to those presented here against lymphoid cell lines.
Due to their toxicity, the use of OT complexes has led to increasing preoccupation about their biotoxic potential. However, there is the possibility that novel organometallic compounds can be generated with Cells were simultaneously stained with annexin V-FITC and PI (see Fig. 2 legend for details). DMSO was added to final concentration of 0.1% (v/v). Each bar represent average value of three measurements, and error bars represent standard deviations. The units corresponding to the concentration of OTs annotated below the X-axis are in micromolars more restricted cytotoxic effects with antineoplastic activity and tumor selectivity, but with no or low effects on normal cells. Out of the two OT compounds studied in this report, neither induced cell death in HeLa cells via apoptosis (Fig. 3a) . Both OT compounds clearly inflicted efficient apoptosis against pro-B cell line, suggesting that the mode of death induced by these compounds had selectivity. Future analyses of these compounds will have to be performed on additional murine and human pro-B cell lines to determine if this selectivity is retained across species, which could lead to the discovery of novel anti-B cell lymphoma agents.
